The relationship between changes in perfusion pressure and ionic transfers in the vascular wall has been studied using the rat tail vascular bed perfused at constant flow rate. Perfusion pressure was increased by elevating venous pressure, or by infusing norepinephrine. The ensuing ionic shifts were monitored by means of Na + and K + electrodes. In both instances, the rise in pressure
was associated with ionic redistribution measured as a gain in K + and a loss in Na + in the perfusing medium. The increase in pressure showed a close correlation with K + efflux from the vascular wall, and a somewhat more variable correlation with Na + influx. While the qualitative aspect of the ionic transfers was similar in the two conditions, their size differed. It was much larger during a rise in pressure induced by venous back pressure, in which condition the wall tension was also proportionately larger. The occurrence of ionic transfers in response to changes in transmural distending pressure was confirmed in the isolated artery, perfused in situ. It is suggested that vascular tension is directly related to step levels of transmembrane ionic distribution, and that this distributicn is regulated by passive stretch.
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• The association of vascular smooth muscle constriction with ionic transfers in the vascular wall has been well documented. Tobian and Fox (1) , analyzing segments of dog femoral artery after infusion of pressor doses of norepinephrine, found a consistent fall in artery K + and a gain in Na + . The same observation was made in rat aorta (2) . Using a dynamic analytic approach with ion-specific glass electrodes, Friedman and associates (3, 4) monitored these ionic shifts during vasoconstriction induced in the whole animal or in individual vascular beds by administra-tion of norepinephrine, vasopressin, or angiotensin. From studies with vasopressin and isoproterenol, Daniel et al. (5) also suggested that during blood pressure increases, Na + moves into vascular smoothmuscle cells and moves out during falling blood pressure. In-vitro studies have produced conflicting findings. Norepinephrine stimulation of dog carotid rings has been shown to induce a slight increase in K + content of the arterial wall (6) . On the other hand, the occurrence of K + efflux after norepinephrine or angiotensin administration, as well as after electrical stimulation, has been confirmed in the rat aorta by means of radiopotassium techniques (7, 8) . Whereas the cellular nature of the K + exchange following vasoconstriction or depolarization was established early, evidence that the converse movement of Na + is also cellular has only recently been presented (9) .
So far these ionic exchanges have been observed after acute vasoconstriction induced by drug administration or electrical stimula-506 GUIGNARD, FRIEDMAN tion. In the present experiments, the approach has been reversed and small increments in perfusion pressure were produced by opposing a small, sustained hydrostatic back pressure on the venous side of the perfused rat tail. The ensuing ionic transfers were monitored by means of Na + and K + selective electrodes and compared with those resulting from the infusion of norepinephrine. A close correlation between increases in perfusion pressure and the efflux of K + or influx of Na + ions in the vascular bed was observed. A similar ionic transfer was also observed in the isolated artery perfused in situ, after small increments in intravascular pressure.
Methods
Male albino rats of a specific pathogen-free Wistar strain (SPF, Woodlyn Farms) weighing approximately 300 g were used. They were anesthetized with intraperitoneal sodium pentobarbital (33 mg/kg) and subcutaneous sodium phenobarbitone (60 mg/kg).
TAIL VASCULAR BED
The ventral artery and a ventral vein of the tail were exposed proximally through small incisions and catheterized with polyethylene tubing (P.E. 50). The tail, firmly ligated at its root, was perfused through the artery and the effluent collected from the vein. The perfusion solution was fed from a constant perfusion pump through polyethylene tubing lying free in a water bath at 38°C. The inflow perfusion pressure was recorded at the entry to the artery with a Statham P 23 pressure transducer. A Krebs solution previously aerated with carbogen was used for infusion. It contained (mm): NaCl 115.0; NaHCO 3 25.0; KC1 5.0; CaCl 2 2.1; NaH 2 PO 4 1.2; MgSO 4 1.2; dextrose 11.0. Plasdone (polyvinylpyrrolidone) 4% was added to this solution as plasma colloid substitute. In a few experiments, whole heparim'zed blood from a donor rat was used instead of the Krebs solution, with similar results. The effluent from the tail was collected in a continuous reel of P.E. 60 polyethylene tubing rolled up on a graduated holder. A second syringe vvas connected to a similar reel of polyethylene tubing running parallel on the holder to complete a "dummy" system. Since the capacity of the tubing vvas known, changes in the tail fluid volume could be easily measured by comparing the menisci in the test and dummy collection tubings. The experimental procedure was as follows: The tail vascular bed was first washed out for 90 minutes by perfusion with Krebs solution; the perfusion flow rate was decreased stepwise from 0.15 to 0.0375 ml/min to avoid the possibility of inducing rapid changes in vascular tension. This was followed by a 60-minute equilibration period at a flow rate of 0.02 ml/min and subsequent test periods, as required, at this same rate. The preliminary washout period was omitted in experiments where blood was the perfusion medium.
Venous Back Pressure.-The standard equilibration period, as described, was continued until the outflow meniscus reached the 1.0-ml mark. The reel of collection tubing was then slowly and steadily raised to increase the venous pressure. As a consequence the venous outflow decreased and the arterial perfusion pressure rose steadily. Meanwhile the dummy system continued to flow unabated and the difference between the menisci provided a continuous measure of the "expansion" of the vascular bed. When the desired pressure change was attained, the collection tubing was kept at its new level. The period of elevated venous pressure lasted 10 minutes. The collection tubing was then brought back to its base level. Collection of the effluent was continued until a final volume of 2.6 to 2.8 ml was obtained.
Norepinephrine Infusion,-After 1.0 ml of effluent had been collected, a matched solution of norepinephrine-HCl was infused at the same rate for 10 minutes (or 0.2 ml of effluent) in which time doses of 0.04 to 0.2 yu.g/min were infused. The control Krebs solution was then perfused until a volume of 2.6 to 2.8 ml was obtained. The reel of collection tubing was kept at its base level throughout the experiment.
IN SITU ISOLATED ARTERY
The ventral artery 1 of the rat tail was exposed by a clean longitudinal incision along the midline of the tail. All collaterals were individually tied, as if for complete excision of the artery, but the artery was left in situ to preserve as natural a state as possible. Both ends of a 10-to 12-cm length of artery were then cannulated with P.E. 50 polyethylene tubing. The incision wound was covered with gauze and continuously wetted with the Krebs solution used for infusion. The artery was perfused with the system described above. It was first washed out for 30 minutes at a rate of 0.1 ml/min. This was followed by a 120-minute equilibration period at a flow rate of 0.01 ml/min, 1 The ventral artery is a muscular artery which gives off 20 to 25 collaterals on its course. It is a highly reactive distributing artery which makes frequent arteriovenous anastomoses in "ladder-like" series around the tail vertebrae. It sends few branches to the overlying skin and is morphologically similar to other temperature-regulating vascular networks. Sodium and potassium activity monitored in the perfusing medium in relation to an increase in perfusion pressure induced by elevating the venous pressure.
The bar on the time scale indicates the period of increased pressure. For a peak-pressure change of 9 mm Hg, the Na+ shift was 0.19 p,Eq and the K + shift 0.12
and subsequent test periods, as described, at this same rate. The effluent was collected as described above. The intra-arterial pressure was recorded by two Statham pressure transducers connected at both ends of the artery. The pressure drop along the artery was of the order of 1 mm Hg. The mean outflow and inflow pressure is referred to as the "intravascular pressure." When 0.8 ml of fluid was collected, the intravascular pressure was elevated for 15 minutes by raising the reel of collection tubing. Pressure changes of + 5 to +20 mm Hg were obtained. The collection tubing was then brought back to its base level, and collection was continued until a final volume of 1.6 ml was obtained. At the end of the experiment, the artery was excised and weighed after drying to constant weight at 105°C. The Na + and K + activities in the perfusate of the rat tail vascular bed, or of the isolated artery, stored in the reel of polyethylene tubing, were monitored by passage through an Na + and K + glass electrode assembly with a calomel electrode as reference (10) . The first 0.2 ml of the stored solution was fed into the electrodes at a low flow rate (0.0375 ml/min) to allow time for the electrode to equilibrate with the solution. The remaining volume of fluid was read at a speed of 0.15 ml/min. The output of these electrodes was continuously converted by an analog computer to direct readings for Na + and K + in mEq/liter, and fed into a Grass polygraph. The size of the ionic Circulation Research, Vol. XXV11, October 1970 shifts was determined by calculating the area of the Na + or K + displacement from the base line. Statistical analyses were performed by standard techniques.
Results

TAIL VASCULAR BED
Venous Back Pressure.-The control perfusion pressure of the rat tail vascular bed infused at a rate of 0.02 ml/min was 12 ± 5 mm Hg. When the venous pressure was raised, the inflow perfusion pressure rose slightly and steadily ( Fig. 1) . By varying the height of the collection tubing reel, perfusion pressure changes of +5 to +20 mm Hg were obtained. When the reel was brought back to the control level, the perfusion pressure decreased rapidly to its control value. The increases in pressure were accompanied by "vascular volume expansion" of 0.05 to 0.2 ml. Large variations were noted in the volume of expanding fluid necessary to produce the same increment in perfusion pressure. After the venous back pressure had been decreased to its control value, the volume of expanding fluid was usually regained. In some experiments, a residual fluid deficit amounting to 0.02 to 0.04 ml was observed, thereby indicating the presence of a true residual expansion of the vascular bed, or a diffusion of fluid into the interstitial space. The perfusion pressure always returned to its control level.
The intravascular ionic events occurring before, during, and after the rise in pressure are shown in Figure 1 . The composition of the perfusing medium was not modified during the control period, as shown by the steady control responses of the Na + and K + electrodes. While the perfusion pressure was increased, the perfusion medium consistently gained K+ and lost Na + . Both the Na+ and K+ concentrations went back to their previous base during the subsequent period when the perfusion pressure was returned to its control value. These ionic shifts extended over a longer period of time than the actual period of increased pressure. The exchange was completed in approximately 25 to 45 minutes. The gain in K + and loss in Na + were consistently Plots of the changes in perfusion pressure induced by elevating venous pressure versus the net transfers of Na + or K + ions in the vascular wall. Solid circles represent individual values of K + . The calculated regression lines of the Na + and K + shifts are presented. The shaded area shows the 95% confidence limit of the K + regression line.
observed and seemed independent of the initial pressure level.
The amount of K + released, or Na + taken up, in relation to the peak-pressure increase is shown in Figure 2 . The K + shift, measured in 15 experiments, showed a highly significant correlation with the change in pressure (r = 0.860, P<0.001). Completely drift-free tracings are somewhat more difficult to obtain with the Na + electrode since the small changes occur on a base of 140 mEq/liter and require very high amplification to demonstrate. Accordingly, the shifts of Na + were measured in only 11 out of 15 experiments. The relationship between Na + shift and pressure change showed a larger variation, but the correlation was still significant (r = 0.690, P<0.02). The slopes of the regression lines relating Na + and K + transfer to the pressure changes were not statistically different from one another.
Norepinephrine Infusion.-The control perfusion pressure of 15 vascular beds perfused at 0.02 ml/min was 10 ± 5 mm Hg. Infusion of norepinephrine at rates of 0.04 to 0.3 /zg/min for 10 minutes increased inflow perfusion pressure by 6 to 96 mm Hg. The peak of the pressure response was observed shortly after the start of norepinephrine, following which it leveled off or started to decrease (Fig. 3) . When the drug infusion was stopped, the pressure rapidly returned to its control level or, in a few cases, to a level a few millimeters higher than during the predrug period. Infusion of norepinephrine was always accompanied by a gain in K + in the perfusing medium, and a loss in Na + . As before, the ionic shift extended over a longer period of time than the norepinephrine infusion, and the exchange was completed within 20 to 40 minutes. Both the Na + and the K + concentrations returned to their original values during the subsequent Krebs infusion.
The relationship between the Na + and K + shifts and the pressure changes is shown in Figure 4 . There was a significant correlation between K + transfer and the change in pressure (r = 0.602, P<0.02). The Na + shifts, measured in only 11 out of 15 experiments, followed approximately the same slope, but PZots of the changes in perfusion pressure induced by norepinephrine infusion versus the net transfers of Na + or K + ions in the vascular wall. Solid circles represent individual values of K + . The calculated regression lines of the Na + and K + shifts are presented. The shaded area shows the 95% confidence limit of the K + regression line. The K+ regression line of Figure 2 is shown for comparison. because of a much wider variation, the correlation was not significant. The movements of water across the vascular wall which are known to occur during norepinephrine infusion may well be responsible for the greater variation. While the ionic transfers were qualitatively similar to those observed during a rise in pressure induced by hydrostatic back pressure, the ratio of ionic shifts to pressure changes was much smaller in the norepinephrine infusion experiments. The slopes of the regression lines relating the K + shift to the pressure change in the two types of experiments differed significantly (P<0.001) ( Fig. 4 ).
ISOLATED ARTERY
The control perfusion pressure of the artery perfused in situ, at a rate of 0.01 ml/min, was 10 ± 2 mm Hg. When a small, increasing back pressure was opposed to the perfusion pressure, pressure in the artery rose slightly and steadily (Fig. 5) . By varying the height of the collection tubing, pressure changes of +5
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to +20 mm Hg were obtained. The peak pressure increase was reached in 5 minutes, and the pressure maintained at this level for 10 more minutes. Increases in pressure were accompanied by vascular volume expansions of 4 to 28 filiter from a base of the order of 25 /uliter. When the reel of collection tubing was steadily brought back to its control position, the pressure in the artery fell rapidly and occasionally decreased below its control value (Fig. 5 ). This transient fall in pressure
Minutes
FIGURE 5
Change in inflow perfusion pressure of the isolated artery perfused in situ. A, B: Elevation of the hydrostatic back pressure opposing the perfusion pressure. C: Decrease of the hydrostatic back pressure to its control level. Basal perfusion pressure was 13 mm Hg.
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FIGURE 6
Plots of the changes in intravascular -pressure in the isolated artery perfused in situ versus the net K + transfers in the vascular wall. K + transfers are expressed in mEq per kg fat-free dry weight. Eleven arteries (fat-free dry weight: 5.29 ± 0.31 mg). below its control level was detectable in 6 out of 11 experiments. This phenomenon was not observed when a similar experiment was performed using a 12-cm polyethylene tubing (P.E. 60) as a "dummy" artery. The volume of expanding fluid was usually completely regained within 5 minutes after lowering the outflow coil.
Analysis of the perfusing medium showed changes qualitatively similar to those observed when perfusing the whole tail vascular bed, but approximately 2 to 3 times smaller in size. The rise in pressure was consistently accompanied by a gain in K + and a loss in Na + in the perfusate. In view of the very small ionic transfers occurring in the single artery, the highest amplification was necessary for both Na + and K + readings. 'While the transfer of K + could still be measured accurately, the Na + transfer could only be appreciated qualitatively. The shifts of K + have been expressed in terms of mEq per kg fat-free dry weight, and their relation to changes in intravascular pressure is shown in Figure 6 . The correlation was significant (r = 0.664, P<0.05). These shifts of K + represent 2 to of the total K + content of the vascular wall measured in similar conditions (11) .
Discussion
The results of the present experiments demonstrate that a change in perfusion pressure in the rat tail vascular bed, induced either by infusing norepinephrine or by elevating the venous pressure, is associated with an ionic redistribution; the rise in pressure in both instances is accompanied by a consistant gain in K + in the perfusing medium and a somewhat more variable loss of Na + . The same ionic transfers occur with an increase in intraluminal pressure of the isolated rat tail artery perfused in situ.
Similar ionic transfers follow norepinephrine administration in vivo. They have been observed previously, although the Na + shift has been more difficult to demonstrate consistently (1). In-vitro experiments have produced conflicting results: Thus norepinephrine has been shown to increase 42 K efflux in rat aorta (8) on the one hand, and the K + content of rings of dog carotid on the other (6) . Our results confirm the occurrence of ionic transfers after norepinephrine infusion, and afford the first demonstration of a direct correlation between changes in pressure and the ionic shifts.
The similarity of the ionic movements observed in the three conditions studied is evident. Although, at first sight, the mechanisms underlying the observed changes in pressure may appear very different, in all cases there must be an increase in wall tension. Norepinephrine infusion induces an active vasoconstriction, a shortening of the smooth-muscle cell (12) . The rise in pressure induced by an elevation of the venous pressure in the vascular bed, or of an hydrostatic back pressure in the isolated artery perfused in situ could have been taken up by two combined factors: (a) the viscoelastic forces which develop in response to stretch (13) , and (b) the reactive tension developed by vascular smooth muscles in response to stretch, which has been discussed in two recent reviews (14, 15) .
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The present data do not give information on the relative participation of these two factors in the resistance of the vascular wall to the stretching pressure. The only observation which could be, but not with certainty, related to a myogenic activity (16, 17) is the transient drop in intravascular pressure below its control level when the back pressure was reduced. The small changes in pressure involved in this observation, as well as the absence of an ideal control, i.e., a noncontractile artery with unchanged properties of elasticity and permeability, make it difficult to interpret this phenomenon. Similarly, no hint is given on the possible presence of a myogenic activity in the vascular bed in response to an increase in venous pressure, as observed by others (18) (19) (20) .
While the qualitative nature of the ionic transfer was the same in the three conditions, the quantitative aspect differed. In comparing the isolated artery with the whole vascular bed, the results evidently reflect the differing mass of vascular tissue involved in each case. That the shifts observed in the tail vascular bed after elevation of the venous pressure were much larger than those observed with norepinephrine infusion is also not unexpected. To begin with, internal pressure is only a partial index of the wall tension, since tension is equal to the product of pressure and radius of the vessel. This radius is increased during elevation of the venous pressure, and decreased during norepinephrine-induced vasoconstriction. Consequently, wall tension is likely to have been much larger, at any pressure change, in the former than in the latter condition. Additionally, a difference in the vascular mass involved may play a part. Thus norepinephrine causes arterial and arteriolar constriction, so that the increase in resistance may have occurred almost entirely in the proximal part of the vascular tree. The increase in perfusion pressure following an elevation of venous pressure is almost certain to have involved a much larger part of the vascular tree at any increment in perfusion pressure.
The cellular nature of the ionic transfers occurring in response to drug-induced vasoconstriction or electrical stimulation has been demonstrated and discussed (8, 9, 22) . Stretching of the artery has also been shown to affect cellular ionic exchanges: the Na + and K + transmembrane gradients attained after rewarming were lower in stretched than in unstretched arteries (10) . This is in agreement with Born and Bulbring's observation that stretching guinea-pig taenia coli induces an increase in both tension and K + permeability, as well as a decrease in membrane potential (23) . In the present experiments, the cellular origin of K + is in little doubt. In the isolated rat tail artery as well as in the tail vascular bed, only the smooth-muscle cell can seriously be considered as the source, since the endothelial cells and occasional fibroblasts represent a negligible part of the cellular mass (10) . The effect of the distending pressure, or stretch, on the ionic distribution is thus most readily explained by a transient increase in the membrane permeability of the smooth-muscle cell membrane, during which K + and Na + move into and out of the cell, along their respective downhill concentration gradients.
There is no evidence at present to support the alternative possibility that stretch directly inhibits active Na + and K + transport. It is also possible that some or all of the Na + shift into the vascular wall may reflect changes in binding at paracellular sites.
When, in the present experiments, the distending pressure was reduced, no reversal of the ionic shifts was noted during observation. The restoration of the ionic gradients, however, is an active process measured in hours rather than in minutes (10) . Small amounts of Na + and K + of the order involved in these experiments and diluted by time would be impossible to detect by present techniques.
The present experiments show that transmembrane concentration gradients of sodium and potassium correspond to the level of sustained intravascular pressure. Because relationships between sodium and potassium distribution, transmembrane potential, and
